The moderately halotolerant cyanobacterium Synechocystis sp. strain PCC 6803 contains a plasma membrane aquaporin, AqpZ. We previously reported that AqpZ plays a role in glucose metabolism under photomixotrophic growth conditions, suggesting involvement of AqpZ in cytosolic osmolarity homeostasis. To further elucidate the physiological role of AqpZ, we have studied its gene expression profile and its function in Synechocystis. The expression level of aqpZ was regulated by the circadian clock. AqpZ activity was insensitive to mercury in Xenopus oocytes and in Synechocystis, indicating that the AqpZ can be categorized as a mercury-insensitive aquaporin. Stopped-flow light-scattering spectrophotometry showed that addition of sorbitol and NaCl led to a slower decrease in cell volume of the Synechocystis ⌬aqpZ strain than the wild type. The ⌬aqpZ cells were more tolerant to hyperosmotic shock by sorbitol than the wild type. Consistent with this, recovery of oxygen evolution after a hyperosmotic shock by sorbitol was faster in the ⌬aqpZ strain than in the wild type. In contrast, NaCl stress had only a small effect on oxygen evolution. The amount of AqpZ protein remained unchanged by the addition of sorbitol but decreased after addition of NaCl. This decrease is likely to be a mechanism to alleviate the effects of high salinity on the cells. Our results indicate that Synechocystis AqpZ functions as a water transport system that responds to daily oscillations of intracellular osmolarity.
The moderately halotolerant cyanobacterium Synechocystis sp. strain PCC 6803 contains a plasma membrane aquaporin, AqpZ. We previously reported that AqpZ plays a role in glucose metabolism under photomixotrophic growth conditions, suggesting involvement of AqpZ in cytosolic osmolarity homeostasis. To further elucidate the physiological role of AqpZ, we have studied its gene expression profile and its function in Synechocystis. The expression level of aqpZ was regulated by the circadian clock. AqpZ activity was insensitive to mercury in Xenopus oocytes and in Synechocystis, indicating that the AqpZ can be categorized as a mercury-insensitive aquaporin. Stopped-flow light-scattering spectrophotometry showed that addition of sorbitol and NaCl led to a slower decrease in cell volume of the Synechocystis ⌬aqpZ strain than the wild type. The ⌬aqpZ cells were more tolerant to hyperosmotic shock by sorbitol than the wild type. Consistent with this, recovery of oxygen evolution after a hyperosmotic shock by sorbitol was faster in the ⌬aqpZ strain than in the wild type. In contrast, NaCl stress had only a small effect on oxygen evolution. The amount of AqpZ protein remained unchanged by the addition of sorbitol but decreased after addition of NaCl. This decrease is likely to be a mechanism to alleviate the effects of high salinity on the cells. Our results indicate that Synechocystis AqpZ functions as a water transport system that responds to daily oscillations of intracellular osmolarity.
T he photoautotrophic cyanobacterium Synechocystis sp. strain PCC 6803 (henceforth referred to as Synechocystis) is a useful model organism not only for the study of photosynthesis but also for understanding the process of osmoadaptation (17, 20) . Cells have developed different membrane transport systems to maintain cellular ion homeostasis and to secure their survival, despite being exposed to frequent changes in the osmolarity of their environment. Simultaneously with the transport of ions across the membrane or the change in intracellular concentration of compatible solutes, such as glucosylglycerol, carbamides, polyols, purines, pyrimidines, and glycerol, by de novo synthesis in response to the external salt concentration or osmolarity change, water flux occurs mainly through water-permeable channels called aquaporins (18, 19, 31, 32, 39, 40, 44, 47) . Synechocystis contains in its genome a single-copy gene encoding an aquaporin homolog, aqpZ (1, 7, 42) . The AqpZ protein resides in the plasma membrane in the cell (1) . Deletion of Synechocystis aquaporin aqpZ resulted in an increase in cell volume in the presence of low concentrations (5 mM) of glucose (1) . This indicates that AqpZ plays a crucial role in the cellular osmotic adaptation to fluctuation of cytosolic osmotic pressure due to production and consumption of the photosynthetic products synthesized during the day.
Some aspects of Synechocystis aquaporin function have been studied previously. Shapiguzov et al. conducted a microarray analysis to determine the expression profile of genes induced by hyperosmotic conditions in both the wild type (WT) and a ⌬aqpZ strain (42) . Azad et al. compared the water permeability of the Synechocystis aqpZ mutant and its knock-in cells with that of the wild type (7) . Cyanobacterial aquaporins, including AqpZ, have been reported to exhibit hypersensitivity to oxidative reagents like mercury (7) , and even before the isolation of the aqpZ gene from Synechocystis, oxidative reagents like mercury or p-chloromercuriphenyl-sulfonic acid have been used as water channel blockers in cyanobacteria (3). Since oxidative stress-related products, including reactive oxygen species, are elicited in response to metabolic changes and environmental stress (6, 25) , the degree of sensitivity of AqpZ to sulfhydryl reagents may be crucial for the regulation of AqpZ function. Mercury-sensitive aquaporins like human AQP1 (hAQP1) and Arabidopsis ␥-Tip (AtTIP1;1) contain cysteines which are the targets of inhibition of water permeability by mercury (12, 30, 31, 38) . These cysteines in hAQP1 and AtTIP1;1 are located in close spatial distance to the Asn-Pro-Ala motif of the aquaporin filter (12, 38) . Synechocystis AqpZ contains two cysteines, Cys 19 in the first transmembrane span and Cys 205 on the extracellular side (see Fig. S3A in the supplemental material), which are relatively far from the pore region. Hence, in this study, we reexamined the specificity of blockage of AqpZ-mediated water transport in a heterologous expression system as well as in Synechocystis.
Synechocystis belongs to the group of moderately halotolerant cyanobacteria (10, 41) . Sodium is an essential element for cell division, photosynthesis, and pH regulation in cyanobacteria (34, 55) , although excess amounts of sodium function as the causative element in salinity stress. Synechocystis contains several genes encoding Na ϩ /H ϩ antiporters that mediate the exchange of Na ϩ and H ϩ across the plasma membrane and the thylakoid membrane (14, 21, 33, 48) . The potassium transport system also contributes to maintaining the balance of Na ϩ /K ϩ in the cell, which protects it from high-salinity stress and high osmolarity (8, 28) . Water flux occurs mainly through water-permeable channels, including aquaporins, simultaneously with the transport of ions across the membrane and the change in concentration of the compatible solutes synthesized de novo in the cells. In Synechocystis, it has been reported that very little shrinkage of ⌬aqpZ cells was observed after addition of large amounts of a nonionic compound, sorbitol, to the medium (7, 42) . Unlike Na ϩ , sorbitol shows very low permeation across the plasma membrane in the cyanobacterium Synechococcus sp. strain PCC 7942 (2) .
The precise functional characterization of AqpZ is vital to understanding the molecular mechanism and physiological role of AqpZ-mediated cellular osmotic homeostasis in response to ionic compounds like NaCl and nonionic compounds like sorbitol. In the present study, we determined the circadian expression profile of aqpZ and the translational expression of AqpZ in response to the addition of sorbitol or NaCl. We also characterized the function of AqpZ in mediating the response of the cell to changes in high osmolarity and salinity in Synechocystis.
MATERIALS AND METHODS

Measurement of circadian rhythm and growth rate of Synechocystis cells.
A 371-bp DNA segment carrying the putative aqpZ promoter (P aqpZ ) was fused to the bacterial luciferase gene set luxAB at the AflII and NdeI sites of p68TS1⍀LuxAB(ϩ)PLNK (K. Onai and M. Ishiura, unpublished data), and this P aqpZ ::luxAB reporter gene was inserted into the specific targeting site (TS1) of the Synechocystis genome (24) . A P dnaK :: luxAB bioluminescent reporter strain (4, 24) was used as a control. Cells were grown to colonies on solid BG11 medium (1, 42) at 30°C under white fluorescence lamps (42 mol of photons m Ϫ2 s Ϫ1 ), placed in the dark for 12 h to synchronize the circadian clock, and then kept under constant light. Bioluminescence from colonies was measured automatically every hour as described previously (35, 36) using automated bioluminescence monitoring apparatuses (K. Okamoto, K. Onai, and M. Ishiura, unpublished data; models LL04-1 and CL24-W; Churitsu Electric Corp., Nagoya, Japan). The amplitude of the rhythms was calculated as the average ratios of the peak to the trough in each cycle. Circadian time (CT) was calculated by dividing the phase value by the period length and multiplying by 24. The growth rates of the cells were measured by a continuous culture system as described previously (24, 29) . This system continuously monitored the optical density (OD) of the cultures with an optical sensor and automatically diluted the cultures with fresh medium to the preset OD. Cells were grown in liquid BG11 medium at 30°C under white fluorescent lights (34 mol of photons m Ϫ2 s Ϫ1 ) with bubbling of air and stirring until the OD at 730 nm reached 0.50, exposed to 12 h of darkness to synchronize the clock, and then maintained at the same OD under constant light. Growth rates (volume of fresh medium added ϩ culture volume/culture volume/hour) were calculated.
Bacterial strains and culture conditions. The glucose-tolerant (GT) strain of Synechocystis sp. PCC 6803 and its derivatives were grown in BG11 medium (1, 43) Immunoblot analysis. Cells were mechanically lysed with glass beads. The resulting protein extracts were subjected to SDS-PAGE (12.5% gels) and then transferred to polyvinylidene difluoride membranes. The membranes were probed with anti-AqpZ antibody and subsequently subjected to chemiluminescence detection as described previously (1) .
Stopped-flow spectrophotometry on Synechocystis cell suspensions. The water permeability of WT and ⌬aqpZ cells was measured using a stopped-flow apparatus with a dead time of Ͻ3.95 ms (Unisoku, Hirakata, Japan) (52). For hyperosmotic shocks, 100 l of Synechocystis cells was rapidly mixed with an equal volume of high-osmolarity medium (see the appropriate figure legend for final concentrations) at 30°C. The time course of changes in the 90°scattered light intensity was determined at 575 nm for 500 ms. For hypo-osmotic shocks, cells cultivated in BG11 medium were centrifuged and resuspended in BG11 medium containing 1 M sorbitol or 0.5 M NaCl for 2 h. To start the assay, the cell suspension (100 l) was mixed in the stopped-flow device with an equal volume of H 2 O. To test the effect of the incubation medium, 80 mM HEPES-MES (morpholineethanesulfonic acid) buffer (pH 8.0) was used instead of BG11 medium. Averaged data from multiple determinations were fitted to single or double exponential curves. The fitting parameters were then used to determine osmotic water permeability (P f ) by first applying the linear conversion from relative fluorescence into relative volume and then iteratively solving the equation for P f as follows:
, where V(t) is the relative intracellular volume as a function of time (t), SAV is the cell surface area-to-cell volume ratio, MVW is the molar volume of water (18 cm 3 mol Ϫ1 ), and C in and C out are the initial concentrations of total solute inside and outside the cell, respectively (53, 54) . For the test of Hg 2ϩ effects, Synechocystis cells were incubated for 5 min in BG11 medium containing 300 M HgCl 2 before stopped-flow analysis.
Light microscopy. An Eclipse E800 microscope (Nikon) equipped with a camera (KY-F1030; JVC) and the Diskus software package (Hilgers) were used for light microscopy. For cell size determination, pictures were analyzed using the ImageJ program. Beads of defined size (3.005 Ϯ 0.027 m) were used as a standard for the measurements.
Measurement of cell volume by EPR. Synechocystis cell volume (cytoplasmic volume) was determined by electron paramagnetic resonance (EPR) spectrometry as described previously (9, 42) . Cells were harvested and resuspended at 400 g chlorophyll ml Ϫ1 in a solution containing 1 mM 2,2,6,6-tetramethyl-4-oxopiperidinooxy free radical (TEMPO), 20 mM K 3 [Fe(CN) 6 ], and 75 mM Na 2 Mn-EDTA. TEMPO was used as the spin probe. When oxidized by Fe(CN) 6 3Ϫ , TEMPO was able to penetrate the plasma membrane rapidly and reach an equilibrium throughout the cell suspension. The quenching agent Na 2 Mn-EDTA, which cannot cross the plasma membrane, broadened the external spin probe signal, and the remaining unbroadened spin probe signal was directly proportional to the cell volume. For the assay, the cells were enclosed in a sealed-glass capillary in a final volume of 40 l. EPR spectra were recorded at room temperature in an EPR spectrometer (model ESP 300E; Bruker) under the following conditions: 100-kHz field modulation at a microwave frequency of 11.72 GHz, a modulation amplitude of 0.4 mT, microwave power of 10 mW, a time constant of 80 ms, and a scan rate of 0.4 G s Ϫ1 in the dark. Oxygen evolution measurements. Oxygen evolution of cells was measured in BG11 medium with a Clark-type electrode at a chlorophyll concentration of 5 g ml Ϫ1 . The medium was continuously stirred at 25°C and illuminated with saturating actinic light (1,000 E m Ϫ2 s Ϫ1 ). Whole-cell photosynthetic activity was measured as oxygen evolution supported by 5 mM NaHCO 3 . Following methanol extraction, the chlorophyll contents of individual samples were determined using a Hitachi U-2010 spectrophotometer (37) .
RESULTS
Expression of aqpZ is controlled by the circadian clock in Synechocystis. To determine whether expression of aqpZ was regulated by the circadian clock and whether the circadian rhythm was influenced by deletion of the aqpZ gene, Synechocystis cells carrying a reporter construct consisting of the bacterial luciferase gene set under the control of the aqpZ promoter (P aqpZ ::luxAB) were studied. Bioluminescence was measured every hour under continuous light following entrainment of the Synechocystis cells by a 12-h dark period (Fig. 1A and Table 1 ). Cells expressing luciferase driven by the dnaK promoter, known to show circadian rhythm, were used as controls (4, 29) . The circadian period (wavelength of the cosine curve) of the cells expressing P dnaK ::luxAB was 22.2 h for the WT cells and 22.5 h for the ⌬aqpZ cells, indicating that the rhythm was not influenced by deletion of aqpZ. Peak expression of aqpZ was CT 15.3 h for WT cells and CT 15.5 h for the ⌬aqpZ cells, corresponding to early subjective night.
Since AqpZ may be involved in cell growth, we evaluated the effect of aqpZ on cell growth in liquid cultures under continuous light. Under these conditions, the growth rates of WT and ⌬aqpZ cells were similar (Fig. 1B) . The average cell growth rate was increased from early subjective day and was relatively high from late subjective day through early subjective night (Fig. 1B) , following the normal period of photosynthesis. The peak of AqpZ expression appeared to be timed late in the high-cell-growth-rate phase.
The ⌬aqpZ strain displayed slower shrinkage under highosmolarity conditions. To evaluate the role of AqpZ in the cells, the volume loss of Synechocystis cells in response to high osmolarity was measured by stopped-flow light-scattering spectrophotometry. Figures 2A and B show representative time courses of light scattering of Synechocystis WT and ⌬aqpZ cells in response to 1 M sorbitol ( Fig. 2A) or 0.5 M NaCl (Fig. 2B ) in BG11 medium (1,236 mosM and 1,015 mosM, respectively). In response to both treatments, WT cells exhibited a rapid and strong increase in light scattering, indicating a decrease in cell size. The response in ⌬aqpZ cells was much slower ( Fig. 2A and B) . Changes in light scattering were also determined in response to treatments with increasing osmolarities of sorbitol or NaCl (0.25 to 1.0 M in BG11 medium), and P f was calculated ( Fig. 2C and D) . In these experiments, the light-scattering profiles and values for P f showed distinct differences between cells treated with sorbitol and cells treated with NaCl ( Fig. 2A to D) .
To exclude the possibility that the cellular response may have been influenced by the ingredients of the BG11 medium, the experiments were repeated with HEPES-MES buffer instead of BG11 medium ( Fig. 2E to H ). In the case of treatment with sorbitol, there was not much difference between incubation in buffer or BG11 medium ( Fig. 2E and G) . However, in the case of treatment with NaCl, the P f values of both WT and mutant cells were increased more than 3-fold by addition of 0.25 and 0.5 M NaCl in the buffer (Fig. 2F and H) compared with the results obtained with NaCl in BG11 medium (Fig. 2B and D) . No additional increase in the P f value was seen with 1 M NaCl in the buffer compared to that obtained with 1 M NaCl in BG11 medium, probably because at 1 M NaCl cells may have reached the maximum rate of shrinkage. Overall, cells responded more strongly to NaCl in buffer than in BG11 medium. Components of the BG11 medium likely contribute to the cells' response to high NaCl.
In addition, the cellular recovery response from hyperosmotic stress was examined (Fig. 3) . For this, Synechocystis WT and ⌬aqpZ cells that had been preincubated in BG11 medium contain- were entrained by a 12-h dark period (black box) to synchronize the circadian clock and then shifted to continuous light. The white and gray boxes above the graphs represent subjective day and night, respectively. The P dnaK ::luxAB reporter strain was used as a control. The time scale represents the actual time after transfer to continuous light conditions. Data points show means Ϯ SDs from 3 to 48 independent samples. Table 1 summarizes the results. We obtained essentially the same results in three independent experiments. (B) The growth rates of the cells were measured during continuous culture and were calculated on the basis of the optical density of cultures determined every 5 min with an optical sensor. ing 1 M sorbitol (Fig. 3A) or 0.5 M NaCl (Fig. 3B ) for 2 h were rapidly mixed with an equal volume of water to decrease the osmolarity, and the change in light scattering was recorded. The size of ⌬aqpZ cells increased much more slowly than the size of WT cells, indicated by the higher level of light scattering in the mutant (Fig. 3C ). These data demonstrate that AqpZ mediated water movement across the membrane in response to both osmotic upshock and osmotic downshock ( Fig. 2 and 3) .
AqpZ is insensitive to inhibition by mercury. Although cyanobacterial aquaporins have been reported to be hypersensitive to sulfhydryl reagents (3, 7, 42) , no target residues have been identified in Synechocystis AqpZ. We performed oocyte swelling assays to test the sensitivity of AqpZ to potential regulatory compounds, including oxidative reagents (1). Addition of HgCl 2 (300 M), a known inhibitor of some aquaporins, had no effect on the water permeability of Synechocystis cells expressing AqpZ, whereas the human aquaporin hAQP1 was about 50% inhibited under these conditions ( Fig. 4A) (38) . The protein kinase C (PKC) activator phorbol-12-myristate-13-acetate (PMA) increased the water permeability of oocytes expressing soybean nodulin 26 (16, 45, 51) . When PMA was applied to oocytes expressing AqpZ, the osmotic water permeability did not change compared to that of untreated oocytes (Fig. 4A ). There was also no change in water permeability when the cells were incubated at lower pH (pH 6; Fig. 4A ).
We also tested whether this insensitivity to mercury could be reproduced in vivo (Fig. 4B) . When 300 M HgCl 2 was applied to Synechocystis cells in BG11 medium before performing the lightscattering assay, no obvious decrease of water efflux was observed in the WT (Fig. 4B ). This insensitivity of AqpZ to 300 M HgCl 2 in vivo is consistent with the data from our heterologous expression experiment (Fig. 4A) . Therefore, we concluded that Synechocystis AqpZ can be categorized as a mercury-tolerant aquaporin.
The ⌬aqpZ strain is less sensitive to high osmolarity. To evaluate the physiological function of AqpZ in Synechocystis, we compared the growth of WT and ⌬aqpZ cells under conditions of high osmolarity (Fig. 5) . No difference in growth was found between WT and ⌬aqpZ cells on standard solid BG11 medium or on medium containing 0.2 M sorbitol or 0.2 M NaCl, whereas on BG11 medium containing 0.4 M sorbitol, ⌬aqpZ cells grew better than WT cells (Fig. 5A) . In contrast, on BG11 medium containing 0.4 M NaCl, ⌬aqpZ cells grew slightly less well than WT cells. In liquid culture, similar results were seen (Fig. 5B to D) . The ⌬aqpZ cells were more tolerant to 0.5 M sorbitol than WT cells (Fig. 5C ). When NaCl (0.25 to 0.5 M) was added to the medium, there was little difference in growth between WT and ⌬aqpZ cells (Fig. 5D) . When exponentially growing cells were subjected to hyperosmotic shock by the addition of 0.5 M sorbitol, the WT was more severely delayed in its growth than the ⌬aqpZ strain (Fig. 5E ). When WT and ⌬aqpZ cells were subjected to either hypo-osmotic or drought stress, no difference in their viability was detected (see Fig. S1 in the supplemental material). Therefore, a lack of AqpZ enhanced the tolerance of the cells to high osmotic stress but not to increased NaCl concentration (salt stress).
Comparison of oxygen evolution between wild-type and ⌬aqpZ cells. We evaluated the effect of the loss of aqpZ on photosynthetic activity by monitoring the oxygen evolution of the cells under different conditions (Fig. 6) . To examine the immediate effect of hyperosmotic shock on the oxygen evolution of WT and ⌬aqpZ cells, sorbitol or NaCl was directly added to BG11 medium-suspended cells in a Clark-type oxygen electrode cuvette (see Fig. S2 in the supplemental material) . The amount of oxygen evolution was similar in both ⌬aqpZ and WT strains in standard medium (Fig. 6A and B) . When 0.5 M sorbitol or 0.5 M NaCl was added to the BG11 medium, the oxygen evolution rate of ⌬aqpZ cells was less inhibited than that of WT cells (Fig. 6A and B) . Figures 6C and D show the rate of oxygen evolution from both WT and ⌬aqpZ cells during extended culture. The rate decreased to its lowest level (40 to 50% of the initial value) at 5 min, and then recovered in both the WT and the ⌬aqpZ cultures. The recovery of the rate of oxygen evolution of the ⌬aqpZ strain was faster than that of the WT in the 0.5 M sorbitol-containing cultures (Fig. 6C) , but it was similar for both strains in the 0.5 M NaCl-containing cultures (Fig. 6D) . The finding that the ⌬aqpZ strain was less affected by high sorbitol was consistent with the results in Fig. 5 .
Deletion of aqpZ affects the response of Synechocystis cells exposed to hyperosmotic shock. To assess the difference in the effect of high concentrations of sorbitol and NaCl, we observed and recorded changes in the size of Synechocystis WT and ⌬aqpZ cells exposed to hyperosmotic stress directly (Fig. 7A) . When 0.5 M sorbitol was added, the cell size of both strains decreased significantly within 5 min. In contrast, cells exposed to 0.5 M NaCl showed less shrinkage, even though the osmolarity of 0.5 M NaCl is twice as high as that of 0.5 M sorbitol. When a single cell was observed over time, the volume of both WT and ⌬aqpZ cells had strongly decreased by 2 min after the addition of high concentrations of sorbitol (Fig. 7B) . It has previously been reported that ⌬aqpZ cells did not shrink in response to upshock when measured by electron paramagnetic resonance (EPR) (42) . We used the same method to measure the cytoplasmic volume changes of WT and ⌬aqpZ cells over an extended period of time (see Materials and Methods) during incubation in 0.5 M sorbitol or 0.5 M NaCl. After addition of 0.5 M sorbitol, the cell volume of the WT had decreased to 41% at 5 min and 36% at 15 min. After that, the cell volume gradually increased again, reaching approximately 60% of the initial volume after 60 min. The cell volume of the ⌬aqpZ strain was reduced to 54% after 5 min and remained at this level after 60 min (Fig. 7C) . The shrinkage rate of cells exposed to 0.5 M NaCl (Fig. 7D) was generally less than that of cells exposed to sorbitol (Fig. 7C) . The maximum shrinkage of ⌬aqpZ cells was less than that of WT cells (Fig. 7C) . Taken together, both WT and ⌬aqpZ cells shrank under our experimental conditions, but the overall decrease in size was smaller for ⌬aqpZ cells than for WT cells and sorbitol had a stronger effect on cell shrinkage than NaCl.
Change of expression of AqpZ protein due to hyperosmotic shock. To evaluate the reason for the difference in the effect of high concentrations of sorbitol and NaCl, we examined the expression of AqpZ at the translational level in the WT (Fig. 8) . High concentrations of sorbitol (0.5 M) had no effect on the amount of AqpZ protein in Synechocystis. In contrast, 4 h after the addition of 0.5 M NaCl, the amount of AqpZ protein had decreased by about 50% and remained at this level over the course of the experiment (Fig. 8C) . The decrease in the amount of AqpZ protein in response to high NaCl likely contributed to alleviation of the salt stress caused by water loss. In contrast, the lack of change in the amount of AqpZ protein seen under high-sorbitol conditions explained the observed hypersensitivity of Synechocystis to the high osmolarity in the medium.
DISCUSSION
In the moderately halotolerant cyanobacterium Synechocystis sp. strain PCC 6803, water permeability across the membrane is closely correlated with the dynamic processes of physiological responses to daily as well as unexpected environmental changes (17) . We have shown here that AqpZ expression levels showed diurnal and circadian oscillations ( Fig. 1 and Table 1 ). Cells lacking aqpZ lost less water than WT cells when they were exposed to hyperosmotic or salt stress (Fig. 2) . This decrease in water loss coincided with an increase in tolerance to hyperosmotic stress (but not to salt stress) of the ⌬aqpZ cells, demonstrated by an increased growth rate (Fig. 5 ) and oxygen evolution compared to those for the WT cells (Fig. 6) . Therefore, Synechocystis AqpZ is important for control of the cell volume in response to osmolarity . At designated times, aliquots were withdrawn and whole-chain-mediated oxygen evolution was measured at 25°C after addition of 5 mM NaHCO 3 . Each point represents the average Ϯ SE from four independent experiments. Statistical significance was assessed using Student's t test: *, P Ͻ 0.05; **, P Ͻ 0.01. changes by nonionic compounds like sorbitol but less so in response to salt stress by NaCl.
The finding that AqpZ was insensitive to mercury both in Synechocystis and when heterologously expressed in oocytes (Fig. 4) is significant because mercurial sulfhydryl reagents have often been used as potent inhibitors to block aquaporins in living cells (23) . Indeed, HgCl 2 and p-chloromercuriphenyl-sulfonic acid at concentrations ranging from 100 M to the millimolar level have been used to block aquaporins in Synechocystis sp. PCC 6803 and Synechococcus sp. PCC 7942 (2, 7). Although Synechocystis AqpZ has two cysteines which may act as target sites for the interaction with these reagents, we considered that mercurial sulfhydryl reagents might lead to nonspecific interactions with cellular components other than AqpZ proteins. HgCl 2 at concentrations higher than 1 mM had additional deleterious effects, when applied to whole cells (data now shown), similar to those reported for blockage of Synechocystis AqpZ by 2 mM HgCl 2 (7) . In contrast, addition of 300 M HgCl 2 had no effect on AqpZ function in oocytes or in the Synechocystis WT and ⌬aqpZ mutant (Fig. 4) ; under those conditions, the human AqpZ used as a control in oocytes was clearly inhibited. Therefore, we concluded that these two cysteines are not the target of inhibition of AqpZ activity by mercury, and it is likely that the deleterious effects of such high HgCl 2 concentrations on cells were not due to specific blockage of water transport through AqpZ but rather were due to indirect effects of mercury toxicity. According to the phylogenetic tree, Synechocystis AqpZ is most similar to Escherichia coli AqpZ, which, like Synechocystis AqpZ, is insensitive to inhibition by mercury (38) (see Fig. S3B in the supplemental material) . In both organisms, the aquaporins have very short cytosolic N-and C-terminal domains (see Fig. S3A in the supplemental material) . The insensitivity of the AqpZ proteins from both Synechocystis and E. coli to mercurial sulfhydryl reagents may provide an advantage to organisms that are exposed to oxidative environments.
Circadian control of many biological events occurs in a wide range of living organisms. Vasopressin is an antidiuretic hormone in mammals which triggers the movement of aquaporin 2 into the plasma membrane of the epithelial cells of the collecting duct to reabsorb water from the urine into the bloodstream. A recent study demonstrated that the release of vasopressin is enhanced by an intrinsic biological clock during the sleep period when water uptake is suppressed in the kidney in mammals (46) . Here we found that the expression of Synechocystis AqpZ was similarly regulated by the circadian clock ( Fig. 1) , which in cyanobacteria consists of the endogenous oscillators (5, 22) . This was confirmed by an experiment where the pattern of the rhythm of aqpZ expression showed a proportional relationship to the shorter circadian time in Synechocystis carrying point mutations in kaiC (M. Akai, K. Onai, M. Morishita, M. Ishiura, and N. Uozumi, unpublished data). The daily oscillation of aqpZ gene expression was coordinated with the circadian rhythm of cell growth, which requires carbon fixation and glucose metabolism (1) (Fig. 1 and Table 1 ). Interestingly, the peak of the expression of aqpZ corresponded to early subjective night, which is similar to the circadian profile of the Na ϩ /H ϩ antiport system NhaS3 in Synechocystis, which is known to be involved in osmoregulation (48) .
An important finding of this study is that loss of aqpZ resulted in tolerance to high osmolarity, which was shown by several different experimental approaches (Fig. 5 to 7) . Interestingly, hyperosmotic stress due to nonionic (sorbitol) versus ionic (NaCl) solutes had different effects in Synechocystis with respect to the oxygen evolution rate and cell volume change ( Fig. 6 and 7) (49) . This difference may be the result of the Na ϩ adaptive system in Synechocystis. It has been reported that Synechocystis regulates Na ϩ influx and efflux across the plasma membrane and the thylakoid membrane via an Na ϩ transport system, e.g., an Na ϩ /H ϩ antiporter, in order to control ion homeostasis in the cytosol (11, 21, 33, 48) . In addition to the Na ϩ cycling system, NaCl also induces synthesis of the osmolyte glucosylglycerol in Synechocystis (27) . A reduction in the amount of AqpZ protein was observed during salt stress (Fig. 8) and may also help to protect the cell from water loss due to high external NaCl. The downregulation of AqpZ protein expression by high NaCl (Fig. 8) was consistent with previous results from DNA microarray analysis in Synechocystis (26) . Similarly, in the ice plant, the transcript levels of all three aquaporin genes (MipA, MipB, and MipC) decreased initially during salt stress and later recovered to pretreatment levels (50) . As an immediate response prior to the accumulation of osmoprotectants in the cytosol, cells take up K ϩ through an Na ϩ -activated Ktr-type K ϩ uptake system (8, 28) in order to restore cell volume (18, 19, 26, 42, 44) . Together, these adaptive mechanisms to Na ϩ stress are likely to be the reason why Synechocystis showed a relatively high tolerance to Na ϩ toxicity (Fig. 5 to 7) . In contrast to Na ϩ , sorbitol is probably not transported across the cellular membrane in Synechococcus sp. PCC 7942 (2), although in one study, a limited amount of sorbitol was taken up by the cells (15) . In Synechocystis, hyperosmotic shock due to sorbitol triggered strong deformation of the cell envelope in both WT and ⌬aqpZ cells; this was not seen in cells subjected to hyperosmotic stress by NaCl (Fig. 7) . In E. coli, the large efflux of water driven by the osmotic gradient causes visible shrinkage of the cytoplasm, leading to a separation of the cytoplasmic membrane from the wall and, consequently, to the formation of plasmolysis spaces (13) . In Synechocystis, it is plausible that the physical force caused by the shrinkage of the intracellular space adversely affected the function of membrane proteins in both the plasma membrane and the thylakoid membrane, including the proteins of the photosynthetic electron transport system (Fig. 7 ). An earlier study (42) as well as a recent report by Azad et al. (7), detected almost no shrinkage of ⌬aqpZ cells in response to osmotic stress. In our study, the difference in the rate of cellular shrinkage between WT and ⌬aqpZ cells was small but detectable by microscopic observations ( Fig. 7A and B) and EPR measurements (Fig.  7C) , and both the WT and the ⌬aqpZ strain responded to osmotic stress by a decrease in cell volume. The fact that we observed some shrinkage of ⌬aqpZ cells suggests that even though water can move rapidly through AqpZ (Fig. 2 to 4) , it can also permeate the plasma membrane by another, yet unknown water transport system different from AqpZ or by simple diffusion.
